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Introduction {#jdi12452-sec-0005}
============

Diabetic polyneuropathy, the most common diabetic complications in both type 1 and type 2 diabetes, affects up to 50% of such patients[1](#jdi12452-bib-0001){ref-type="ref"}. Although drugs for symptomatic therapy for painful diabetic neuropathy are effective in improving the quality of life, fundamental therapies for the pathogenesis of diabetic polyneuropathy are still required. Cell therapy using some progenitor or stem cells is one of the candidates. We and others have reported that the transplantation of progenitor/stem cells, such as endothelial progenitor cells, mesenchymal stem cells and embryonic stem cell/induced pluripotent stem cell‐derived cells, ameliorated diabetic polyneuropathy in animal models of diabetes[2](#jdi12452-bib-0002){ref-type="ref"}, [3](#jdi12452-bib-0003){ref-type="ref"}, [4](#jdi12452-bib-0004){ref-type="ref"}, [5](#jdi12452-bib-0005){ref-type="ref"}, [6](#jdi12452-bib-0006){ref-type="ref"}, [7](#jdi12452-bib-0007){ref-type="ref"}. Regarding the mechanisms of the therapeutic efficacy for diabetic polyneuropathy, the angiogenic and neurotrophic factors secreted by progenitor/stem cells were the first candidates.

In contrast, inflammation is the key target for obesity and diabetes, as well as diabetic complications[8](#jdi12452-bib-0008){ref-type="ref"}. Interactions between the nervous and immune systems lead to neuroendocrine immune modulations involved in neuropathology[9](#jdi12452-bib-0009){ref-type="ref"}. In diabetic polyneuropathy, there is accumulating evidence that inflammatory processes are involved in the pathogenesis of diabetic neuropathy[9](#jdi12452-bib-0009){ref-type="ref"}, [10](#jdi12452-bib-0010){ref-type="ref"}, [11](#jdi12452-bib-0011){ref-type="ref"}, [12](#jdi12452-bib-0012){ref-type="ref"}. Inhibiting the release of cytokines, such as tumor necrosis factor‐α (TNF‐α) resulted in an improvement in the delayed nerve conduction velocity and structural changes in streptozotocin (STZ)‐induced diabetic rats[13](#jdi12452-bib-0013){ref-type="ref"}, [14](#jdi12452-bib-0014){ref-type="ref"}, [15](#jdi12452-bib-0015){ref-type="ref"}. Among progenitor and stem cells, mesenchymal stem cells are known to have strong immunosuppressive properties, which support the therapeutic efficacy of allogenic transplantation[16](#jdi12452-bib-0016){ref-type="ref"}, [17](#jdi12452-bib-0017){ref-type="ref"}.

However, like other mature cells, not only diabetes but also aging impaired the cell functions in these progenitor and stem cells, which might reduce the efficacy of autologous cell therapy[18](#jdi12452-bib-0018){ref-type="ref"}, [19](#jdi12452-bib-0019){ref-type="ref"}. Dental pulp stem cells (DPSCs), which are mesenchymal stem cells, are thought to be an attractive candidate for cell therapy, because these are easy to obtain from teeth extracted for orthodontic reasons without further invasive procedures. DPSCs have a high growth rate[20](#jdi12452-bib-0020){ref-type="ref"} and multilineage differentiation ability[21](#jdi12452-bib-0021){ref-type="ref"}, [22](#jdi12452-bib-0022){ref-type="ref"}, which are maintained even after long‐term cryopreservation[23](#jdi12452-bib-0023){ref-type="ref"}. We showed that the transplantation of cryopreserved‐DPSCs improved sciatic nerve conduction velocity (NCV) and sciatic nerve blood flow (SNBF), as well as intraepidermal nerve fiber density using STZ‐induced diabetic rats[24](#jdi12452-bib-0024){ref-type="ref"}. Furthermore, as the third molar is extracted from many people during early adolescence, we could obtain and keep DPSCs from young and prediabetic dental pulp for diabetic patients.

In the present study, we examined whether DPSCs have immunosuppressive effects on the peripheral nerve tissues in STZ‐induced diabetic polyneuropathy. Here, we showed that DPSC transplantation significantly decreased the number of macrophages in diabetic sciatic nerves, while decreasing M1 macrophage gene expressions and increasing M2 macrophage gene expressions. These findings suggest that transplantation of DPSCs could be an efficacious anti‐inflammatory cell therapy for diabetic polyneuropathy by modulating the proportions of M1/M2 macrophages.

Materials and Methods {#jdi12452-sec-0006}
=====================

Animals {#jdi12452-sec-0007}
-------

Male Sprague--Dawley (SD) rats were obtained from Chubu Kagakushizai (Nagoya, Japan) at 6 weeks‐of‐age. Diabetes was induced by an intraperitoneal injection of STZ (Sigma Chemical Co., St. Louis, MO, USA; 60 mg/kg). Rats with blood glucose levels above 14 mmol/L were considered diabetic and selected together with age‐matched male SD rats. This study was approved by the Institutional Animal Care and Use Committees of Aichi Gakuin University.

Isolation and culture of DPSCs {#jdi12452-sec-0008}
------------------------------

The incisors teeth were dissected carefully from the mandibles of 6‐week‐old male normal SD rats and green fluorescent protein (GFP)‐transgenic SD rats (SD‐Tg\[CAG‐EGFP\]Cz‐0040sb; Japan SLC Inc., Hamamatsu, Japan). Dental pulp tissues were collected and suspended in phosphate‐buffered saline containing 0.1% collagenase and 0.25% trypsin‐ethylenediaminetetraacetic acid. DPSCs were cultured in an alpha modification of Eagle\'s medium (GIBCO Lab Inc., Grand Island, NY, USA), which glucose concentration was 5.5 mmol/L, with 20% fetal bovine serum (GIBCO) on plastic dishes at 37°C in 5% humidified CO~2~. Non‐adherent cells were washed off, and adherent cells were continuously expanded until passage 3.

Characterization of DPSCs {#jdi12452-sec-0009}
-------------------------

Cultured DPSCs were incubated with the R‐PE‐conjugated hamster antibody against rat CD29 (Becton Dickinson, Franklin Lakes, NJ, USA), the R‐PE‐conjugated mouse monoclonal antibodies against rat CD90 or the R‐PE‐conjugated mouse monoclonal antibodies against rat CD45 (Becton Dickinson), and were characterized by magnetic activated cell sorting (Miltenyi Biotec, Bergisch Gladbach, Germany).

Differential ability of DPSCs into adipocytes, osteocytes and chondrocytes {#jdi12452-sec-0010}
--------------------------------------------------------------------------

Differentiation into adipocytes, osteoblasts and chondrocytes of cultured DPSCs was carried out according to the manufacturer\'s instructions (R&D Systems, Minneapolis, MN, USA). For the detection of adipogenic differentiation, the cells were stained with oil red O (Polysciences Inc., Warrington, PA, USA) and the fatty acid‐binding protein‐4 (R&D Systems). For the detection of osteogenic differentiation, the cells were stained with osteocalcin (R&D Systems). Calcification of osteogenic monolayers was also visualized using Alizarin Red S (Merck, Darmstadt, Germany). For the detection of chondrogenic differentiation, the cells were stained with aggrecan (R&D Systems), known as the major proteoglycan in the articular cartilage.

Transplantation of DPSCs {#jdi12452-sec-0011}
------------------------

Eight weeks after the induction of diabetes, we transplanted DPSCs from SD rats or GFP rats into the hindlimb skeletal muscles. DPSC suspension (1.0 mL in total, 1 × 10^6^ cells) was injected at ten points in the unilateral hindlimb skeletal muscles. Vehicle (saline, 1.0 mL in total) was also injected into the contralateral hindlimb skeletal muscles as the control. At the time of transplantation and 4 weeks after the transplantation, the following parameters were bilaterally measured.

Sciatic nerve conduction velocities {#jdi12452-sec-0012}
-----------------------------------

Rats were deeply anesthetized with pentobarbital and body temperature was maintained at 37°C using a warming pad to relieve the animals of stress from the anesthetic. Motor nerve conduction velocity (MNCV) between the ankle and the sciatic notch, and sensory nerve conduction velocity (SNCV) between the ankle and the knee were measured. MNCV and SNCV were assessed using a Neuropak MEB‐9400 instrument (Nihon‐Koden, Osaka, Japan).

SNBF {#jdi12452-sec-0013}
----

SNBF was measured using a Laser Doppler Blood Flow Meter (FLO‐N1; Omega Wave Inc., Tokyo, Japan). After the rats were anesthetized, the femur skin was cut and an incision was made in the myofascia to expose the sciatic nerve. Then, 5 min after this procedure, a laser probe was placed just above the exposed sciatic nerve. All measurements were carried out while the rats were laid out on a heated pad in a room maintained at 25°C to maintain a constant rectal temperature of 37°C.

Tissue collection {#jdi12452-sec-0014}
-----------------

Four weeks after the transplantation, rats were killed by an overdose of pentobarbital (15 mg/100 g). The sciatic nerves were fixed in a 4% paraformaldehyde phosphate buffer solution overnight and immersed in an optimum cutting temperature compound (Sakura Finetechnical, Tokyo, Japan). The proximal portions of the sural nerves were immersed in 2.5% glutaraldehyde (Sigma) overnight. They were postfixed in osmium tetroxide, dehydrated and embedded in Epon for morphometric analysis.

Morphological analysis of sural nerves {#jdi12452-sec-0015}
--------------------------------------

Semithin sections of proximal sural nerve were cut transversally (0.5‐μm thick sections), stained with toluidine blue and examined by light microscopy (Leica microsystems, Wetzlar, Germany). We assessed the total complement of sural nerve myelinated fibers as previously described. Parameters were obtained using image processing and analysis software ImageJ (version 1.49; NIH, Bethesda, MD, USA).

Detection of monocytes/macrophages in sciatic nerves {#jdi12452-sec-0016}
----------------------------------------------------

For the detection of monocytes/macrophages, the sections were incubated with the primary mouse CD68 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing, Alexa Fluor 594‐coupled goat anti‐mouse immunoglobulin G (IgG) antibody (Invitrogen, Carlsbad, CA, USA) and 4′,6‐diamidino‐2‐phenylindole were applied.

To characterize macrophages, the sections were double‐stained with the primary mouse CD68 antibody and rabbit CD206 antibody (Santa Cruz). After washing, Alexa Fluor 594‐coupled goat anti‐mouse IgG antibody, Alexa Fluor 488‐coupled goat anti‐rabbit IgG antibody (Invitrogen) and 4′,6‐diamidino‐2‐phenylindole were applied. Slides were analyzed under a fluorescence microscope.

Messenger ribonucleic acid expressions of inflammatory cytokines in sciatic nerves {#jdi12452-sec-0017}
----------------------------------------------------------------------------------

Total ribonucleic acid was extracted from the frozen samples of sciatic nerves using TRIzol Reagent (Invitrogen), and purified using a purification column (Qiagen, Valencia, CA, USA). Complementary deoxyribonucleic acid was synthesized using ReverTra Ace (Toyobo, Osaka, Japan) according to the manufacturer\'s instructions. Primers and probes for TNF‐α (*Tnf*), interleukin (IL)‐1β (*Il1b*), IL‐10 (*Il10*), CD68 (*CD68*), CD11c (*Itgax*) and CD206 (*Mrc1*) were purchased from TaqMan Gene Expression Assays (Applied Biosystems, Foster City, CA, USA). Real‐time quantitative polymerase chain reaction (PCR) was carried out and measured by the ABI Prism 7000 (Applied Biosystems). Relative quantity was calculated by the ΔΔCt method using β~2~ microglobulin as the endogenous control[25](#jdi12452-bib-0025){ref-type="ref"}.

Effects of DPSC‐conditioned media on murine macrophage RAW264.7 cells {#jdi12452-sec-0018}
---------------------------------------------------------------------

DPSCs were maintained in Dulbecco\'s modified Eagle medium, which glucose concentration was 5.5 mmol/L, containing 1% fetal bovine serum (GIBCO). After 24 h, the culture media were collected, concentrated ten times using 10‐kDa centrifugal filters (Amicom Ultra‐15; Nihon Millipore, Tokyo, Japan) and frozen at −20°C until use. The murine macrophage cell line, RAW264.7 cells (American Type Culture Collection, Rockville, MD, USA), were seeded in 12‐well plates (5 × 10^5^ cells/well), and cultured in Dulbecco\'s modified Eagle medium containing 1% fetal bovine serum. After 12 h, the cells were replaced with the serum‐free medium and pretreated with a one‐tenth dilution of DPSC‐conditioned media for 1 h. After the cells were incubated with lipopolysaccharide (LPS; 50 ng/mL; Sigma) for 4 h, messenger RNA (mRNA) expressions of RAW264.7 cells were investigated by real‐time quantitative PCR.

To evaluate the effects of DPSC‐conditioned media on M1 macrophage state of RAW264.7 cells, RAW264.7 cells were pre‐exposed to 50 ng/mL LPS to differentiate into M1 macrophage. After 48 h, a one‐tenth dilution of DPSC‐conditioned media was added, and the cells were incubated for 4 h. mRNA expressions were investigated by real‐time quantitative PCR.

The effect of DPSC‐conditioned media on the proliferation/viability of RAW264.7 cells were assessed by 3‐(4,5)‐dimethylthiahiazo (‐z‐y1)‐3,5‐di‐phenytetrazoliumromide (MMT; Cayman Chemical Company, Ann Arbor, MI, USA) and Cell Counting Kit‐8 (CCK‐8; Dojindo Laboratories, Kumamoto, Japan) assay according to the manufacturer\'s procedure. Cells were seeded in 96‐well plates (2 × 10^4^ cells/well) and cultured in Dulbecco\'s modified Eagle medium containing 1% fetal bovine serum. After 12 h, the cells were incubated with a one‐tenth dilution of DPSC‐conditioned media for 3 days.

mRNA expressions of cultured DPSCs {#jdi12452-sec-0019}
----------------------------------

To investigate the ability to produce bioactive basic fibroblast growth factor (*bFGF*), vascular endothelial growth factor (*VEGFA*), nerve growth factor (*NGF*), neurotrophin‐3 (*NTF3*), glial cell line‐derived neurotrophic factor (*GDNF*), *Tnf*,*Il1b, Il6* (IL‐6), *MCP1*,*Il10*,*Il4* (IL‐14), *Il13* (IL‐13), *CSF1* (also known as *M‐CSF*) and *CSF2* (also known as *GM‐CSF*). Primers were purchased from TaqMan Gene Expression Assays (Applied Biosystems). mRNA expressions of cultured DPSCs were investigated by real‐time quantitative PCR. The log concentrations of the target (X) and the housekeeping gene (β~2~ microglobulin) were calculated (Y) from a standard curve. The expression levels were standardized and compared (X/Y) between each sample. Thus, standardizing log concentration values (X/Y) should provide the relative amount of cultured DPSCs mRNA.

Statistical analysis {#jdi12452-sec-0020}
--------------------

Results were expressed as means ± standard error of the mean. Statistical analyses were made by one‐way [anova]{.smallcaps} with the Bonferroni correction for multiple comparisons. The differences were considered to be significant at *P* \< 0.05.

Results {#jdi12452-sec-0021}
=======

DPSCs expressed mesenchymal stem cell markers and differentiated into mesenchymal‐derived cells {#jdi12452-sec-0022}
-----------------------------------------------------------------------------------------------

DPSCs showed the typical spindle‐shape morphology and expressed the cell surface markers of mesenchymal stem cells, such as CD29 and CD90, and expressed no CD45, a hematopoietic lineage marker (Figure [1](#jdi12452-fig-0001){ref-type="fig"}a). The cells induced into chondrocytes showed stainability in aggrecan. Adipogenesis was confirmed by the staining with oil red O and fatty acid‐binding protein‐4. DPSCs were also differentiated into osteoblasts stained with osteocalcin, and showed marked mineralization by Alizarin Red S staining (Figure [1](#jdi12452-fig-0001){ref-type="fig"}b).

![Characterization and differentiation of green fluorescent protein (GFP)‐expressing dental pulp stem cells (GFP‐DPSCs). (a) GFP‐DPSCs derived from 6‐week‐old Sprague--Dawley rats were positive for mesenchymal stem cell markers (CD29, CD90) and negative for the hematopoietic marker CD45 (black area). Isotype‐identical antibodies served as the controls (white area). (b) GFP‐DPSCs could differentiate into adipogenic, osteogenic and chondrogenic lineages *in vitro*. For discrimination, oil red O and fatty acid‐binding protein‐4 were used for adipocytes, Alizarin Red and osteocalcin for osteocytes, and aggrecan for chondrocytes. Scale bar, 50 μm.](JDI-7-485-g001){#jdi12452-fig-0001}

Bodyweights and blood glucose levels {#jdi12452-sec-0023}
------------------------------------

At 12 weeks after STZ injection, the diabetic rats showed severe hyperglycemia (normal rats 6.1 ± 0.4 mmol/L, STZ‐induced diabetic rats 26.6 ± 2.2 mmol/L; *P* \< 0.01) and significantly reduced bodyweight (normal rats 508.3 ± 16.4 g, STZ‐induced diabetic rats 284.0 ± 34.3 g; *P* \< 0.01). DPSC transplantation did not change the bodyweight or blood glucose in the diabetic groups (bodyweight: non‐transplanted diabetic rats 294.3 ± 33.9 g, transplanted diabetic rats 284.0 ± 34.3 g; blood glucose: non‐transplanted diabetic rats 23.8 ± 3.2 mmol/L, transplanted diabetic rats 26.6 ± 2.2 mmol/L).

DPSC transplantation improved delayed NCVs and decreased SNBF in diabetic rats {#jdi12452-sec-0024}
------------------------------------------------------------------------------

The diabetic rats showed delayed MNCV and SNCV, and decreased SNBF compared with the control side of the normal rats (Figure [2](#jdi12452-fig-0002){ref-type="fig"}). The delay of MNCV and SNCV, and the decrease in SNBF were significantly ameliorated by the DPSC transplantation in diabetic rats.

![Dental pulp stem cell (DPSC) transplantation improved the delay in sciatic nerve conduction velocities and the decrease in sciatic nerve blood flow in the diabetic rats. (a) Sciatic nerve motor nerve conduction velocities (MNCV). (b) Sciatic nerve sensory nerve conduction velocities (SNCV). (c) Sciatic nerve blood flow (SNBF;*n* = 5). Results are mean ± standard error of the mean. \*\**P* \< 0.01, \**P* \< 0.05. DM, diabetic rats; DM‐D, dental pulp stem cell‐transplanted diabetic rats; DM‐V, vehicle‐injected diabetic rats; N, normal rat; Non‐treatment, measurements at the time of 4 weeks after the transplantation in rats without having transplantation; N‐V, vehicle‐injected normal rats; N‐D, dental pulp stem cell‐transplanted normal rats; Post‐treatment, measurements at the time of 4 weeks after the transplantation in dental pulp stem cell‐transplanted rats; Pre‐treatment, measurements at the time of transplantation in normal and diabetic rats.](JDI-7-485-g002){#jdi12452-fig-0002}

DPSC transplantation ameliorated sural nerve axonal circularity in diabetic rats {#jdi12452-sec-0025}
--------------------------------------------------------------------------------

The results of the myelinated fiber morphometry of sural nerves are shown in Table [1](#jdi12452-tbl-0001){ref-type="table-wrap"}. Twelve‐week STZ‐induced diabetic rats showed no changes in fiber area, density of myelinated fibers, occupancy rate, mean myelin area, mean axonal area, axon‐to‐myelin ratio, axonal diameter and myelin thickness compared with the normal rats. The axonal circularity of the sural nerve in the control side of diabetic rats was significantly decreased compared with that of normal rats. DPSC transplantation significantly improved the axonal circularity in the diabetic rats.

###### 

Morphometric data of myelinated fibers in sural nerves

  Limb               Fiber area (μm^2^)   Density (fiber/mm^2^)   Occupancy rate (%)   Myelin area (μm^2^)   Axon area (μm^2^)   Axonal‐to‐myelin area ratio   Axonal diameter (μm)   Myelin thickness (μm)   Axonal circularity
  ------------------ -------------------- ----------------------- -------------------- --------------------- ------------------- ----------------------------- ---------------------- ----------------------- ---------------------------------------------------------
  Normal‐vehicle     26.1 ± 3.2           16,146 ± 2,222          40.2 ± 2.0           15.2 ± 2.0            10.8 ± 1.3          0.72 ± 0.06                   5.15 ± 0.53            1.69 ± 0.17             0.704 ± 0.006
  Normal‐DPSCs       26.4 ± 2.1           16,289 ± 2,322          42.5 ± 2.7           15.3 ± 2.4            11.0 ± 0.3          0.74 ± 0.14                   5.35 ± 0.15            1.60 ± 0.01             0.709 ± 0.044
  Diabetic‐vehicle   26.9 ± 3.1           14,757 ± 1,210          39.0 ± 1.9           15.9 ± 2.0            11.0 ± 1.8          0.71 ± 0.12                   5.87 ± 0.55            1.73 ± 0.07             0.570 ± 0.038[\*](#jdi12452-note-0001){ref-type="fn"}
  Diabetic‐DPSCs     27.0 ± 0.6           13,969 ± 445            37.8 ± 1.8           15.7 ± 1.1            11.3 ± 1.2          0.73 ± 0.13                   5.07 ± 0.44            1.77 ± 0.03             0.722 ± 0.034[\*\*](#jdi12452-note-0001){ref-type="fn"}

Data are mean ± standard error of the mean. \**P* \< 0.05 vs normal‐vehicle rats; \*\**P* \< 0.05 vs diabetic‐vehicle rats. DPSCs, dental pulp stem cells.

John Wiley & Sons, Ltd

DPSC transplantation decreased monocytes/macrophages in sciatic nerves of diabetic rats {#jdi12452-sec-0026}
---------------------------------------------------------------------------------------

The number of monocytes/macrophages in the sciatic nerves was significantly increased in the control side of the diabetic rats compared with the normal rats (diabetes 31.50 ± 2.41/mm^2^, normal 16.81 ± 1.15/mm^2^, *P* \< 0.01; Figure [3](#jdi12452-fig-0003){ref-type="fig"}a). The transplantation of DPSCs significantly decreased monocytes/macrophages in the sciatic nerves compared with the control side of the diabetic rats (21.89 ± 0.61/mm^2^, *P* \< 0.01). There was no significant difference in the number of monocytes/macrophages between the DPSC‐transplanted sides compared with the vehicle‐injected sides of normal rats (Figure [3](#jdi12452-fig-0003){ref-type="fig"}b).

![Dental pulp stem cell (DPSC) transplantation suppressed the number of CD68‐positive monocytes/macrophages in the sciatic nerves of the diabetic rats. (a) Representative photomicrographs of histological sections in the vehicle‐injected and the DPSCs‐transplanted sides of the sciatic nerves in the normal and diabetic rats. Monocytes/macrophages were detected by immunostaining for CD68. Scale bar, 50 μm. (b) Quantitative analyses for CD68‐positive cells/mm^2^ in the sciatic nerves of the normal and the diabetic rats (*n* = 5). Results are means ± standard error of the mean. \*\**P* \< 0.01.](JDI-7-485-g003){#jdi12452-fig-0003}

To investigate the correlation between the sciatic nerve inflammation and the neurophysiological activity, we evaluated the number of monocytes/macrophages and MNCV in each rat. We found a negative correlation between the number of monocytes/macrophages in the sciatic nerves and MNCV (Figure S1).

DPSC transplantation increased M2‐phenotype of macrophage in sciatic nerves in diabetic rats {#jdi12452-sec-0027}
--------------------------------------------------------------------------------------------

The diabetic rats showed significant increases in pro‐inflammatory gene expressions by M1 macrophages, such as TNF‐α, IL‐1β and CD11c, in the control side of the sciatic nerves compared with the normal rats (Figure [4](#jdi12452-fig-0004){ref-type="fig"}). Transplantation of DPSCs significantly decreased the gene expression of TNF‐α in sciatic nerves compared with the vehicle‐injected sides of diabetic rats (*P* \< 0.01). Although the levels of the M2 macrophage‐expressed genes, CD206 and IL‐10, did not show significant differences between the normal and diabetic rats, the transplantation of DPSCs significantly increased the CD206 mRNA expression in diabetic rats (*P* \< 0.01), together with an increased tendency of IL‐10.

![Effects of dental pulp stem cell (DPSC) transplantation on the inflammatory messenger ribonucleic acid expressions in sciatic nerves. Four weeks after the transplantation of DPSCs, messenger ribonucleic acid expressions of tumor necrosis factor‐α (TNF‐α; *Tnf*), interleukin (IL)‐1β (*Il1b*), IL‐10 (*Il10*), CD68 (*CD68*), CD11c (*Itgax*) and CD206 (*Mrc1*) in the sciatic nerves were evaluated by real‐time quantitative polymerase chain reaction (*n* = 8). Results are means ± standard error of the mean. \*\**P* \< 0.01, \**P* \< 0.05.](JDI-7-485-g004){#jdi12452-fig-0004}

The immunohistological analysis showed that the population of CD68^+^CD206^+^ cells, which are thought to be immunosuppressive subpopulation of macrophages (M2 macrophages), was increased in the DPSC‐transplanted side of sciatic nerve (Figure S2).

DPSC‐conditioned media increased gene expressions of M2 macrophage markers in RAW264.7 cells {#jdi12452-sec-0028}
--------------------------------------------------------------------------------------------

The effects of DPSC‐conditioned media on LPS‐induced pro‐inflammatory and anti‐inflammatory cytokine gene expressions in RAW264.7 cells were evaluated to determine the effects of factors secreted by DPSCs (Figure [5](#jdi12452-fig-0005){ref-type="fig"}). The gene expressions of TNF‐α, IL‐1β and IL‐10 were upregulated in all cultures by LPS stimulation for 4 h. The level of LPS‐stimulated IL‐10 was significantly increased in the presence of DPSC‐conditioned media (*P* \< 0.01). The gene expression of CD206 was unchanged by LPS stimulation, whereas it was significantly increased in the presence of DPSC‐conditioned media (*P* \< 0.01). The LPS‐activated TNF‐α and IL‐1β levels were not affected by the DPSC‐conditioned media. The CD11c level was not affected by LPS or the DPSC‐conditioned media. These results show that DPSC‐conditioned media‐pretreatment followed by LPS‐activation does not affect M1 polarization, but increases M2 polarization of macrophages.

![Effects of dental pulp stem cell (DPSC)‐conditioned media (DPSCCM) on macrophage cell line, RAW264.7 cells. (a) Messenger ribonucleic acid expressions of undifferentiated RAW264.7 cells by DPSCCM pretreatment followed by lipopolysaccharide (LPS). After 12 h, the RAW264.7 cells were replaced with the serum‐free medium and pretreated with DPSCCM for 1 h. Cells were incubated with LPS for 4 h, messenger ribonucleic acid expressions of tumor necrosis factor‐α (TNF‐α; *Tnf*), interleukin (IL)‐1β (*Il1b*), IL‐10 (*Il10*), CD11c (*Itgax*) and CD206 (*Mrc1*) were investigated by real‐time quantitative polymerase chain reaction (*n* = 4). \*\**P* \< 0.01. (b) RAW264.7 cells were pre‐exposed to 50 ng/mL LPS to differentiate into M1 macrophage. After 48 h, DPSCCM was added and the cells were incubated for 4 h. Messenger ribonucleic acid expressions were investigated by real‐time quantitative polymerase chain reaction (*n* = 6). \*\**P* \< 0.01. (c) The effect of DPSCCM on the proliferation/viability of RAW264.7 cells was assessed by 3‐(4,5)‐dimethylthiahiazo(‐z‐y1)‐3,5‐di‐phenytetrazoliumromide and Cell Counting Kit‐8 assay. After cells were seeded in 96‐well plates and cultured for 12 h, the cells were incubated with DPSCCM for 3 days (*n* = 6). Results are means ± standard error of the mean. a.u., arbitrary unit.](JDI-7-485-g005){#jdi12452-fig-0005}

To investigate the effect of DPSC‐conditioned media on M2 polarization from M1 macrophages, we added DPSC‐conditioned media to LPS‐pretreated RAW264.7 cells as M1‐like macrophages, and evaluated the change of M2/M1 phenotype expressions. As shown in Figure [5](#jdi12452-fig-0005){ref-type="fig"}b, DPSC‐conditioned media significantly increased M2 polarization from M1‐like macrophages (Figure [5](#jdi12452-fig-0005){ref-type="fig"}b).

DPSC‐conditioned media showed no effect on the proliferation/viability of RAW264.7 cells {#jdi12452-sec-0029}
----------------------------------------------------------------------------------------

The effect of DPSC‐conditioned media on RAW264.7 cell proliferation/viability was assessed by 3‐(4,5)‐dimethylthiahiazo(‐z‐y1)‐3,5‐di‐phenytetrazoliumromide and Cell Counting Kit‐8 assay. As shown in Figure [5](#jdi12452-fig-0005){ref-type="fig"}c, the proliferation/viability in RAW264.7 cells was not enhanced by DPSC‐conditioned media.

Cultured DPSCs expressed angiogenic factors, neurotrophic factors and M2‐inducing factors {#jdi12452-sec-0030}
-----------------------------------------------------------------------------------------

DPSCs expressed angiogenic factors and neurotrophic factors, such as bFGF, VEGF, NGF, NT3 and GDNF (Table [2](#jdi12452-tbl-0002){ref-type="table-wrap"}). DPSCs also expressed M1 macrophage markers, such as TNF‐α and IL‐1β, and the M2 macrophage marker, IL‐10. In particular, DPSCs expressed a high level of M2 macrophage‐inducing factor M‐CSF (1.99 ± 0.42 × 10^−1^ expression level) compared with the M1 macrophage‐inducing factor GM‐CSF (1.20 ± 0.57 × 10^−7^ expression level). Other M2 macrophage‐inducing factors, such as IL‐4 and IL‐13*,* were not detected in cultured DPSCs, although DPSC‐expressed IL‐10 is also one of the M2 macrophage‐inducing factors.

###### 

Messenger ribonucleic acid expressions of cytokines in cultured dental pulp stem cells

           Arbitrary unit (×10^−6^)              Arbitrary unit (×10^−6^)
  -------- -------------------------- ---------- --------------------------
  *Tnf*    122.9 ± 27.7               *M‐CSF*    198597.6 ± 42302.4
  *Il1b*   24.0 ± 4.5                 *GM‐CSF*   0.1 ± 0.1
  *Il6*    70.7 ± 41.1                *bFGF*     22211.2 ± 4544.4
  *MCP1*   7099.3 ± 1564.3            *VEGFA*    428701.1 ± 183830.7
  *Il10*   3.2 ± 0.5                  *NGF*      18566.9 ± 7306.2
  *Il4*    ND                         *NTF3*     13.2 ± 5.1
  *Il13*   ND                         *GDNF*     4094.9 ± 1207.5

Data are mean ± standard error of the mean. *bFGF*, basic fibroblast growth factor; *GDNF*, glial cell line‐derived neurotrophic factor; *GM‐CSF*, colony stimulating factor 2; *Il*, interleukin; *MCP1*, monocyte chemoattractant protein‐1; *M‐CSF*, colony stimulating factor 1; ND, not detected; *NGF*, nerve growth factor; *NTF3*, neurotrophin‐3; *Tnf*, tumor nectrosis factor; *VEGFA*, vascular endothelial growth factor.
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Discussion {#jdi12452-sec-0031}
==========

The present study showed that the transplantation of DPSCs into the hindlimb skeletal muscles induced immunomodulatory effects on the sciatic nerves, which was accompanied by the recovery from the reduction in sciatic nerve conduction velocities, sciatic nerve blood flow and axonal circularity of the sural nerve in STZ‐induced diabetic rats. Furthermore, the *in vitro* study showed that DPSC‐conditioned media increased M2‐related gene expressions in the LPS‐stimulated macrophage cell line, RAW264.7 cells.

Accumulating evidence suggests the involvement of inflammatory processes in the pathogenesis of diabetic polyneuropathy[9](#jdi12452-bib-0009){ref-type="ref"}, [10](#jdi12452-bib-0010){ref-type="ref"}, [11](#jdi12452-bib-0011){ref-type="ref"}, [12](#jdi12452-bib-0012){ref-type="ref"}. The local use of natural antagonists, soluble receptors, blocking antibodies and specific signaling or cytokine blockers could be promising treatment candidates[15](#jdi12452-bib-0015){ref-type="ref"}, [26](#jdi12452-bib-0026){ref-type="ref"}. Yamagishi *et al*.[27](#jdi12452-bib-0027){ref-type="ref"} showed that ED‐1 positive macrophages were increased in the sciatic nerves 12 weeks after STZ injection in rats, which was suppressed with the improvement of nerve conduction velocity by the treatment of peroxisome proliferator activated γ ligand. We showed in the present study that monocytes/macrophages and inflammatory gene expressions were increased in the sciatic nerves of the diabetic rats, which was ameliorated by DPSC transplantation with the increase of M2‐phenotype macrophages/gene expressions, as well as the recovery of nerve conduction velocity, nerve blood flow and axonal morphology in the diabetic rats. Shi *et al*.[27](#jdi12452-bib-0027){ref-type="ref"} showed that the intra‐abdominal injection of TNF‐α receptor II : IgG Fc fusion protein ameliorated the nerve conduction velocity and neuropathological changes in diabetic rats[15](#jdi12452-bib-0015){ref-type="ref"}. These results suggest that the anti‐inflammation might become a crucial target for the treatment of diabetic polyneuropathy.

Macrophages are composed of two different phenotypes, classically activated M1 macrophages and alternatively activated M2 macrophages. M2 macrophages show low levels of pro‐inflammatory cytokines, but high levels of anti‐inflammatory cytokines, such as IL‐10[28](#jdi12452-bib-0028){ref-type="ref"}. Transplantation of DPSCs into the diabetic rats showed significant increases in M2 macrophage markers together with a significant decrease in M1 macrophage markers in sciatic nerves. We confirmed these effects using a culture system in which DPSC‐conditioned media markedly increased the CD206 and IL‐10 levels in LPS‐stimulated RAW264.7 cells, indicating that DPSC‐conditioned media‐pretreatment followed by LPS‐activation induced M2 polarization of macrophages. We also showed that DPSC‐conditioned media increased M2 polarization in LPS‐pretreated M1‐like macrophages. It has been shown *in vitro* that macrophages are polarized to the M1 state when stimulated by TNF‐α, interferon‐γ or other bacterial products, and to the M2 state when stimulated by IL‐4, IL‐13 and IL‐10[29](#jdi12452-bib-0029){ref-type="ref"}. In particular, IL‐10 reduced the production of pro‐inflammatory cytokines, which suggests that IL‐10 could have potent anti‐inflammatory activities[30](#jdi12452-bib-0030){ref-type="ref"}, [31](#jdi12452-bib-0031){ref-type="ref"}. GM‐CSF and M‐CSF are also cytokines that modulate M1/M2 macrophage polarization[32](#jdi12452-bib-0032){ref-type="ref"}. In the present study, we identified that cultured DPSCs expressed M2‐inducing factors, such as IL‐10 and M‐CSF, suggesting that the transplanted DPSC‐produced M2‐inducing factors increased the M2 macrophages. These results showed that DPSC transplantation led to the differentiation or recruitment of M2 macrophages in the inflammatory condition of diabetic peripheral nerves.

Angiogenic factors, such as bFGF and VEGF, could be useful for the treatment of diabetic polyneuropathy[33](#jdi12452-bib-0033){ref-type="ref"}, [34](#jdi12452-bib-0034){ref-type="ref"}. Stem/progenitor cells could have the ability to secrete bFGF and VEGF if transplanted for the treatment of diabetic polyneuropathy[3](#jdi12452-bib-0003){ref-type="ref"}, [4](#jdi12452-bib-0004){ref-type="ref"}, [7](#jdi12452-bib-0007){ref-type="ref"}, [24](#jdi12452-bib-0024){ref-type="ref"} ~.~ We showed here the high mRNA expressions of VEGF and bFGF with other cytokines and neurotrophic factors in cultured DPSCs. A reduction in neurotrophic factors plays a significant role in the pathogenesis of diabetic polyneuropathy[35](#jdi12452-bib-0035){ref-type="ref"}, [36](#jdi12452-bib-0036){ref-type="ref"}, and treatment with NGF has been shown to exert beneficial effects on the structure and function in developing diabetic neuropathy[37](#jdi12452-bib-0037){ref-type="ref"}. Furthermore, NGF and NGF receptor in cells have attracted a great deal of attention regarding their effects on the immune response[38](#jdi12452-bib-0038){ref-type="ref"}, [39](#jdi12452-bib-0039){ref-type="ref"}. Taken together, DPSC‐secreted angiogenic and neurotrophic factors must have added the beneficial effects of DPSC transplantation with its immunomodulatory effects in diabetic polyneuropathy.

Guimarães *et al*.[40](#jdi12452-bib-0040){ref-type="ref"} intravenously transplanted DPSCs into STZ‐induced diabetic mice, and showed that DPSC transplantation improved both early diabetic hyperalgesia and late diabetic hypoalgesia. Because they only investigated thermal threshold, other physiological and pathological effects on intravenous DPSC transplantation are not known. As intravenous DPSC transplantation decreased blood glucose within 5 days after transplantation, the recovery from hyperglycemia might have a beneficial effect on thermal threshold. Here, we showed that the transplantation of DPSCs into the hindlimb skeletal muscles ameliorated the reduction in sciatic nerve conduction velocities, sciatic nerve blood flow and axonal circularity of sural nerve in STZ‐induced diabetic rats, without changing blood glucose. Differences in the therapeutic effects of DPSC transplantation on diabetic polyneuropathy should be evaluated in the future for clinical application.

In the present study, we transplanted freshly isolated and culture‐expanded DPSCs, and showed the increase of NCVs and SNBF in the diabetic rats. Although previous studies have already reported that various types of cell therapy were valid for diabetic polyneuropathy, it is important to develop non‐invasive cell‐therapy resources. It was also reported that even progenitor or stem cells taken from diabetic patients showed functional depression[41](#jdi12452-bib-0041){ref-type="ref"}, [42](#jdi12452-bib-0042){ref-type="ref"}. DPSCs can be taken from the young before the onset of diabetes, because extraction of the third molar or premolar is normally carried out at a young age. We propose a strategy to use the cryopreserved DPSCs for the treatment of diabetic polyneuropathy.

In summary, we showed for the first time that the transplantation of DPSCs into diabetic rats has the anti‐inflammatory ability to modulate the proportions of M1/M2 macrophages in diabetic peripheral nerves, which might have beneficial effects in ameliorating diabetic polyneuropathy. The abundant immunomodulatory cytokines produced by DPSCs might play an important role in the anti‐inflammatory effects of the treatment for diabetic polyneuropathy.
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**Figure S1**\| The relationship between the monocytes/macrophages number in the sciatic nerves and motor nerve conduction velocity.
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**Figure S2**\| Double‐staining with CD68 and CD206 antibody in the sciatic nerves.
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